Abstract
Introduction
In recent years, the extraskeletal effects of vitamin D have been extensively studied. Vitamin D deficiency is linked to a variety of autoimmune disorders, including autoimmune thyroid disease [1] . Genetic variation in genes involved in vitamin D metabolism has been associated with several autoimmune disorders including autoimmune thyroid disease [2] [3] [4] [5] [6] [7] . Several studies suggest that individuals with Graves disease (GD) have lower vi-DOI: 10 .1159/000484521 tamin D levels than the general population [8] [9] [10] [11] ; however, data on the relationship between the levels of vitamin D and clinical parameters in GD [12, 13] or therapeutic issues [14] [15] [16] are limited. The aim of the present study was to compare vitamin D levels in a large number of newly diagnosed patients with GD with those of the general population and to correlate the vitamin D levels at diagnosis with laboratory and clinical parameters in patients with GD. Moreover, we examined the genetic variation in genes involved in vitamin D metabolism and their association with GD. Single nucleotide polymorphisms (SNPs) in the vitamin D receptor (VDR), GCvitamin D binding protein (DBP), and 1-α-hydroxylase (CYP27B1) were examined for association with GD and/ or Graves ophthalmopathy (GO).
Materials and Methods

Comparison of Vitamin D Levels in Patients with GD and the General Population
In the epidemiological part of the study, the patients (n = 295) were recruited among subjects with newly diagnosed thyrotoxicosis referred to Skåne University Hospital, Malmö, Sweden. The diagnosis of GD was made by an endocrinologist, as described earlier [17] . None of the included patients had been started on treatment for thyrotoxicosis at the time of blood sampling. Patients using calcium and/or vitamin D supplements (n = 3) were excluded, leaving 292 patients for analysis. The controls were recruited from the Malmö Diet and Cancer Study (MDCS) [18] . Data on vitamin D were available in 3,414 individuals [19, 20] . Individuals with thyroid disease and parathyroid disease, using thyroid medication, and using calcium and/or vitamin D supplements were excluded, leaving a total of 2,305 controls. Vitamin D was analyzed with high-performance liquid chromatography (CV = 7.1% at 90 nmol/L and 8.5% at 70 nmol/L) in controls and liquid chromatography-tandem mass spectrometry (CV = 6% at 40 nmol/L and 4% at 120 nmol/L) in cases at the Department of Clinical Chemistry, Skåne University Hospital, which is an accredited laboratory. According to a recent study, there is a high correlation (r = 0.96) between these 2 methods regarding vitamin D analysis [21] .
Correlation of Vitamin D Levels with Laboratory and Clinical Parameters in GD Patients
In the clinical part of the study, in 219 patients with GD with available data, the D vitamin levels were correlated with laboratory and clinical parameters at diagnosis, including (i) the levels of free thyroxine (fT 4 ), free triiodothyronine (fT 3 ), thyroid peroxidase antibodies (TPOAb), and thyrotropin receptor antibodies (TRAb); (ii) the presence of GO; and (iii) relapse within 1 year after terminating treatment with antithyroid drugs. Regarding the analysis of relapse, 139 patients were treated with antithyroid drugs as first-line therapy. The patients included in this analysis were those that completed an 18-month (±1 month) course of antithyroid drugs and were available for follow-up 12 months later. Patients who were switched to treatment with radioiodine or surgery during treatment, who interrupted the treatment earlier than at 18 months, who disappeared from follow-up, or who required prolonged treatment with antithyroid drugs or switch to alternative treatment after 18 months because of persistent active disease were excluded. We even excluded patients who relapsed with GD postpartum (n = 2) or after being given iodine contrast (n = 1), leaving a total of 100 patients for the analysis.
The diagnosis of GO was made by an endocrinologist and/or ophthalmologist, as previously described [22] . Thyroid-stimulating hormone (TSH) (0.40-3.7 mIU/L), fT 4 
Genetic Association between SNPs in Genes Involved in
Vitamin D Metabolism and GD and/or GO Genetic variation in genes involved in vitamin D metabolism was examined for association with GD and GO in 708 patients with (n = 245) or without (n = 459) ophthalmopathy and 1,178 sexmatched controls from Skåne University Hospital, Malmö. Controls without thyroid disease were recruited from the Malmö Preventive Project (MFM) [23] and MDCS [18] databases.
The following SNPs were chosen for analysis based on previous associations with autoimmune thyroid disease or other autoimmune disorders [6] : rs731236 (TaqI), rs7975232 (ApaI), rs10735810 (FokI), and rs1544410 (BsmI) in VDR; rs7041 and rs4588 in DBP; and rs10877012 and rs4646536 in CYP27B1. The minor allele frequency for all SNPs was >0.05. DNA was extracted from whole blood using the MaxiPrep Kit (QIAGEN, Sweden), and SNPs were genotyped using the Sequenom platform (MALDI-TOF). The genotyping success rate was >95%. In the GD patients with available data (n = 219), the genotype was correlated with the vitamin D levels at diagnosis of GD.
All statistical analyses were computed using IBM SPSS Statistics for Windows, version 22.0 (Armonk, NY, USA). All genetic analyses were performed using PLINK version 1.07 (http://pngu. mgh.harvard.edu/∼purcell/plink/index.shtml) [24] . Logistic and linear regression with age, sex, smoking, and ethnicity as covariates was used for estimating SNP associations, and the data are presented as the odds ratios (OR) with 95% confidence intervals (CI). The p values are based on additive models for the genetic variants. Correction for multiple testing was performed using permutations.
All participants gave their informed consent and both MDCS (LU 51-90) and the current study (LU 328-01) were approved by the local ethics committee.
Results
Comparison of Vitamin D Levels in Patients with GD and the General Population
The characteristics of the cases and controls are presented in Table 1 (epidemiological part of the study) and Table 2 23.2 vs. 87.2 ± 27.6 nmol/L, p < 0.0001) (Fig. 1) . The prevalence of vitamin D deficiency (<25 nmol/L) and insufficiency (<50 nmol/L) was higher in GD patients compared to controls (Fig. 2) . Due to the surprisingly high levels of vitamin D in the controls, we speculated that it might be caused by the fact that some subjects did not report the use of vitamin D supplements. Therefore, we performed analyses in which we only included subjects with vitamin D levels <150 nmol/L and <100 nmol/L, respectively, aiming to exclude subjects using vitamin D supplements. Still, the patients had significantly lower vitamin D levels compared to controls: patients (n = 292): 55.0 ± 23.2 nmol/L vs. controls (n = 2248): 85.1 ± 24.2 nmol/L, p < 0.0001, in the <150 nmol/L group and patients (n = 279): 52.5 ± 20.4 nmol/L vs. controls (n = 1,646): 73.9 nmol/L, p < 0.0001 in the <100 nmol/L group. In subjects with vitamin D levels <150 nmol/L, the prevalence of vitamin D deficiency (≤25 nmol/L) was 7.5% in cases and 0.3% in controls, and that of insufficiency (26-50 nmol/L) was 38.4% in cases and 6.5% in controls. In subjects with vitamin D levels <100 nmol/L, the prevalence of vitamin D deficiency (≤25 nmol/L) was 7.5% in cases and 0.4% in controls, and that of insufficiency (26-50 nmol/L) was 38.4% in cases and 8.9% in controls. To overcome problems with differences between cases and controls, we performed subgroup analysis and logistic regression adjusting for confounders. The results were similar and the differences remained significant when we chose to analyze women (54.7± 22.8 vs. 89 ± 28.2 nmol/L, p < 0.0001) and men (56.4 ± 25.4 vs. 86 ± 27.1 nmol/L, p < 0.0001) separately and when we only analyzed individuals of Swedish origin, defined as born in Sweden (59.7 ± 22.3 vs. 88.7 ± 27.1 nmol/L, p < 0.0001). Logistic regression in all individuals, adjusted for sex, age, ethnicity, and smoking, also showed that vitamin D is negatively associated with GD (OR = 0.95, 95% CI: 0.95-0.96, p < 0.0001).
Correlation of Vitamin D Levels with Laboratory and Clinical Parameters in GD Patients
We did not observe any correlation (Spearman) between the vitamin D levels and levels of fT 4 , fT 3 , TRAb, and TPOAb and relapse within 1 year after terminating treatment with antithyroid drugs. When comparing subjects with a vitamin D level <25 nmol/L to those with higher levels, we could not see any differences in the fT 4 , fT 3 , TRAb, and TPOAb levels or the frequency of GO. Regarding GO, GD patients without GO at diagnosis had the same vitamin D levels as those with GO (n = 254, 55.5 ± 22.9 nmol/L vs. n = 37, 52.1 ± 24.6 nmol/L, p = nonsignificant, ns). Logistic regression adjusting for sex, Values are n (%) or mean ± SD, as appropriate. age, ethnicity, and smoking did not show any association between the vitamin D levels and GO at diagnosis of GD (OR = 0.99, 95% CI: 0.98-1.01, p = ns). We further analyzed the impact of vitamin D levels on the outcome of patients treated with antithyroid drugs (n = 100), defined as relapse of GD within 1 year of completing an 18-month course of antithyroid drugs. There was no difference in the vitamin D levels at baseline between individuals who achieved remission and those who relapsed (n = 78, 56.9 ± 21.8 nmol/L vs. n = 22, 63.1 ± 27 nmol/L, p = ns). Logistic regression, adjusting for sex, age, smoking, GO at diagnosis, and TRAb at diagnosis, did not show any association between the vitamin D levels at diagnosis and relapse after antithyroid drugs (OR = 1.02, 95% CI: 1.0-1.04, p = ns).
Genetic Association between SNPs in Genes Involved in Vitamin D Metabolism and GD and/or GO
The results are summarized in Table 3 . Two SNPs in VDR were associated with GD: rs10735810 (p = 0.02, OR = 1.36, 95% CI: 1.02-1.36) and rs1544410 (p = 0.02, OR = 1.47, 95% CI: 1.03-1.47). There was no difference in the mean vitamin D levels between genotypes in either rs10735810 (AA 55.9 nmol/L, AG 56.1 nmol/L, GG 54.1 nmol/L, p = ns) or rs1544410 (AA 56.6 nmol/L, AG 57.5 nmol/L, GG 54.8 nmol/L, p = ns). Linear regression analysis in GD patients did not show any association with the vitamin D levels for rs10735810 and rs1544410, respectively. There was a borderline association between rs1544410 and fT 4 . Rs4588 was associated with the TRAb levels at diagnosis in the 150 patients with available data on TRAb. None of the SNPs was associated with the fT 3 and TPOAb levels or GO at diagnosis.
Discussion
In this large study on vitamin D in GD, we found significantly lower levels of vitamin D in patients with GD at onset compared to controls. However, there was no correlation between the vitamin D levels and several laboratory and clinical parameters in GD. Two SNPs in VDR were associated with GD.
In the epidemiological part of the study, we found lower vitamin D levels in patients with GD compared to controls, a result that is supported by findings of other smaller studies [12, 13] and recent meta-analyses [10, 11] . The vitamin D levels were in the same range as previously reported in a Chinese study [12] . The strength of this part of the study is the large number of both cases and controls from one city, Malmö, in Southern Sweden. The drawback of this part of the study is that the cases and control samples were not collected at the same time and were not perfectly matched. However, there was no difference in the percentage of individuals recruited during different seasons between cases and controls. An advanced statistical analysis of the same material has previously shown the same results in matched cases and controls as in unmatched analysis controlled for confounders [19] , as performed in this study. Analysis after removing individuals with very high vitamin D values confirmed significantly lower vitamin D levels in patients. Therefore, the cases and controls represent comparable populations. There was no correlation between the vitamin D levels at diagnosis of GD with the levels of thyroid hormones, the levels of TRAb or TPOAb, or the presence of GO, suggesting that the level of vitamin D does not influence the disease severity at diagnosis. These results are in accordance with the observations of a Japanese study that found a significant association between serum vitamin D levels and thyroid volume, but not thyroid function or TRAb levels, in GD patients [13] . In a previous Chinese study of 35 patients with seropositive GD, 35 patients with seronegative GD, and 70 matched controls, the level of vitamin D was inversely correlated with the TRAb titer in TRAb-positive GD patients, but it was not correlated with the levels of TPOAb, thyroglobulin antibodies (TGAb), fT 3 , fT 4 , or TSH [12] . The discrepancy between the results regarding TRAb between ours and the Chinese study could be explained by the higher number of individuals in our study, ethnicity, 100% TRAb positivity in our patients, higher average TRAb titers in the Chinese study, and different method for analyzing TRAb. To the best of our knowledge, ours is the first study investigating the relationship between vitamin D levels and GO, showing no association between vitamin D levels with the presence of GO at the onset of GD.
Vitamin D levels at the diagnosis of GD were not correlated with relapse of GD after completing an 18-month course of antithyroid drugs. Unfortunately, we do not have data on the vitamin D levels at the time of termination of the antithyroid drugs or relapse. However, antithyroid drugs have not been shown to influence vitamin D levels in GD patients [13, 25] , and a high correlation between individual levels of vitamin D measured on two separate occasions 3 years apart has previously been demonstrated [26] . Based on these results, the vitamin D levels at diagnosis of GD cannot be used for predicting relapse after termination of antithyroid drugs. In a Japanese study of 18 female patients in remission, 36 female patients without remission (discontinuing antithyroid drugs unattainable 4 years after therapy initiation and persistent TRAb positivity), and 49 healthy controls, the mean vitamin D levels were significantly lower in patients without remission than in those with remission [15] . However, the patients without remission were all TRAb positive, which per se is a strong prognostic factor of relapse, and the vitamin D levels do not add additional value in predicting relapse in this group.
The results of previous studies of genetic variation in VDR and association with GD are inconclusive. In a meta-analysis from 2008, ApaI, BsmI, and FokI were associ- ated with susceptibility to GD in Asian populations, while ApaI, BsmI, TaqI, and FokI were not associated with GD in Caucasian populations [7] . Some studies found the association of BsmI and/or FokI with GD in Caucasians [27, 28] , Japanese [29] , and Chinese [30] , while others did not [31] . As reviewed by Jolliffe et al. [6] , BsmI and/or FokI were associated with other autoimmune disorders. In our study, the BsmI and FokI SNPs were associated with GD, but they did not affect the vitamin D status, which agrees with a recent genome-wide association study [32, 33] . The vitamin D status in these studies was influenced by genetic variation in the GC gene, and in our study we showed an association of rs4588 with the vitamin D levels. Rs4588 influences the binding affinity of DBP and serum and plasma vitamin D levels [34, 35] . Rs4588 SNP was also associated with TRAb levels in our study; however, due to the limited number of individuals with data on TRAb (n = 151), this result has to be interpreted with caution.
To understand the role of vitamin D in GD, it is important to determine whether lower vitamin D levels contribute to the development of GD. There are some animal data supporting this hypothesis. BALB/cJ mice given a vitamin D-deficient diet had lower preimmunization T 4 levels and were more prone to developing persistent hyperthyroidism following immunization with the TSH receptor compared to mice fed regular chow. No differences in the TRAb levels were observed, suggesting that vitamin D directly modulated thyroid function in this animal model [36] . In our study, the lack of a significant association between vitamin D and TRAb would support the hypothesis that vitamin D deficiency might have a direct effect on the thyroid gland. However, as all clinical studies (including our own) that address this question have been cross-sectional in design, it is impossible to conclude whether the vitamin D status is directly involved in the pathogenesis or a consequence of the disease.
Further prospective studies designed to evaluate the role of vitamin D deficiency and the effects of its correction in patients with GD are needed.
